This work presents the nanostructured coating formation using suspension thermal spraying through the HVOF torch. The nanostructured coating formation requires nanosize powder particles to be injected inside a thermal spray torch using liquid feedstock. The liquid feedstock needs to be atomized when injected into the high-velocity oxygen fuel (HVOF) torch. This paper presents the effects of angular injection and effervescent atomization of the liquid feedstock on gas and droplet dynamics, vaporization rate, and secondary breakup in the high-velocity suspension flame spray (HVSFS) process. Different angular injections are tested to obtain the optimum value of the angle of injection. Moreover, effervescent atomization technique based on twin-fluid injection has been studied to increase the efficiency of the HVSFS process. Different solid nanoparticle concentrations in suspension droplets are considered. In angular injection the droplets are injected into the core of the combustion zone; this immediately evaporates the droplets, and evaporation is completed within the torch. The value of 10°-15°i s selected as the optimal angle of injection to improve the gas and droplet dynamics inside the torch, and to avoid the collision with the torch's wall. The efficiency of the effervescent atomization can be enhanced by using high gas-to-liquid mass flow rate ratio, to increase the spray cone angle for injecting the suspension liquid directly into the combustion flame. It is also found that the increment in the nanoparticle concentration has no considerable effects on the droplet disintegration process. However, the location of evaporation is significantly different for homogeneous and non-homogeneous droplets.
Introduction
The thermal spraying technology for producing thermal barrier and wear-resistant dense coatings can be modified with nanosize powder injection to obtain lower coating thickness. In the frame of thermal spraying techniques, a liquid feedstock system has been developed for injecting nanometre size to 10 μm size powder particles in thermal spraying torch [1] [2] [3] . The suspension spraying works well for several applications including thermal barrier coatings (TBC), tribofunctional and wear-resistant coatings, biofunctional coatings, fuel cell development, and creating coatings for catalytically active surfaces [3] [4] [5] [6] . The HVOF based suspension spraying, named as high-velocity suspension flame spraying (HVSFS) process, uses nanosize powder in the form of liquid suspension [2] . The high-velocity oxygen fuel (HVOF) torches are modified, and the liquid feedstock is injected with the aid of suspension feeder and suspension injector [3, 7, 8] .The HVOF applications use axial (internal) injections [6] [7] [8] [9] [10] . This suspension liquid is injected into the flame spray jet and under the action of the combustion gas thermal energy and high-velocity the suspension droplets disintegrate, evaporate and release the nanoparticles inside the torch. These nanoparticles/nano-agglomerates become heated, melted and accelerated towards a prepared surface, and produce a coating on it. The advantage is that the precursor can be nanosize, and the coatings can be thin, smooth and finely structured, even nanostructured [10] . This is not possible with standard dry powder feeders.
In the HVSFS process, the size of microstructural features within the coatings is governed by the liquid feedstock [11] [12] [13] . In studies reported in [14] , the HVSFS process based on nanosize powder suspension resulted in small and well-flattened lamellae (thickness range 100 nm to 1 μm). The coating exhibited low porosity as compared to Air Plasma Spraying (APS) and HVOF coating and showed better sliding wear resistance [14] . In suspension spraying processes the size of nanostructured coatings depend on a number of parameters, including flame temperature and velocity, suspension feed rate, suspension concentration, suspension's solvent properties, and the atomization of liquid feedstock streams. It was further revealed that the nanoparticles agglomerates size and nanostructured coatings morphology are significantly dependent on the suspension's concentration, viscosity, and surface tension [8, [15] [16] [17] [18] [19] [20] [21] .
The HVOF process efficiency mainly depends on the type of torch, the coating material, the nanoparticles injection parameters, the type of liquid used for suspension preparation, and the distance between the torch and substrate. For increasing the effectiveness of this process, optimization of these parameters is essential. The flow physics inside the HVOF torch is difficult to be studied experimentally, and hence, Computational Fluid Dynamics (CFD) techniques are widely used to understand this. Various models are implemented to understand the complex flow physics, combustion chemistry, flames, and jets formation, and propagation involved in the thermal spraying processes [22] [23] [24] [25] [26] [27] . Li and Christofides [22, [28] [29] [30] [31] highlighted the multi-scale behaviour of the overall process inside a HVOF thermal spray torch (Diamond Jet hybrid gun). They divide the process dynamics into two main parts, first is gas dynamics, and the other is particle dynamics (or in-flight particle behaviour). Both parts highly depend on specific parameters. Gas dynamics have a varied temperature, pressure, velocity, etc. depending on the type of fuel and fuel/oxygen ratio used for combustion. Particle dynamics is dependent on the injection mass flow rate, particle size and shape, injection velocity, the angle of spray and spray distance, etc. Moreover, the fuel/oxygen ratio plays a very important role in particle heating. State-of-the-art CFD techniques are required to make the actual process more effective by developing the role of these parameters and their optimization.
Dongmo et al. [12] performed the first numerical modelling of angular injection in the HVSFS torch. Both liquid ethanol droplets (300 μm) and solid Titania particles (0.5-50 μm) are injected as discrete phases.
The evaporation of ethanol droplets shows significant cooling of the combustion gases at a 0°angle of injection. Hence, the authors modified the injection phenomena by simulating the flow with an angle of injection of 30°. They found that injection at an angle of 30°improves the rate of ethanol evaporation inside the combustion chamber (CC) and cooling is reduced. The disadvantage of angular injection is the impingement of droplets and particles to the CC walls and increase in the residence time of particles. Dongmo et al. [13] further analysed an optimized HVSFS torch, where the TopGun-G's is modified by designing a conical shape CC. It increases the process efficiency and helps to avoid nanoparticles contact with the CC walls. In these studies, the authors ignored the effect of nanoparticles loading on properties of pure ethanol, its evaporation process in the HVOF torch and on gas combustion dynamics.
Moreover, to improve the process efficiency of generating the dense nanosized coating, the atomization of droplets is essentially required for suspension carrying high concentrations of suspended particles. The atomization of liquid feedstock can be controlled by the atomizer nozzle design and its injection parameters [32] [33] [34] . Many researchers have studied the phenomenon of atomization and some specific work is highlighted here. The theory explained by Castleman in 1930 [35] , states that atomization is due to the aerodynamic interaction between the liquid and gas leading to an unstable wave growth on the liquid jet surface. The fast moving air strikes the water jet. Hence, the portion of the liquid mass is drawn out into fine ligaments and turns into small droplets. The higher the air speed, the smaller the size of ligaments/ droplets [35] . The atomization of liquid jet is a step-wise process [36] . The near field jet breakup process is dominated by the shedding of liquid sheets and ligaments. The far field has a secondary breakup phenomenon in which the disintegrated liquid lumps from the jet are fragmented by the high-velocity air jets.
The disintegration of liquid feedstock droplets can increase the efficiency of the thermal spraying process, and it is achieved by using an atomizer or a mechanical injector [37] [38] [39] . Depending on the availability and application requirements, different atomization gases and processes can be used for atomizing the liquid streams. One method is to introduce atomization-gas by a gas envelope around the liquid jet injection [38] . The high-velocity oxygen gas exerted a force on the liquid jet and atomized the stream into fine droplets. The nanoparticles coating obtained after this type of atomization had a narrow particle size distribution, ranging from 10 to 20 nm [38] . For solution precursor atomization, nitrogen gas was used for the formation of ceramic [39] . The nitrogen flow tube was aligned with the axis of the flame nozzle, and the liquid was fed through the second capillary tube at right angles. The nitrogen flow atomizes the precursor stream at the tip of the liquid-carrying capillary. The syringe pump was used for liquid injection with a flow rate of 50 μl/s and atomizing nitrogen gas flow rates are set to 0.028 l/s. By using this atomization technique, characterization of the spray was performed by the phase-Doppler particle analyzer system that acquired 20,000 simultaneous droplet size and velocity measurements. The droplet size distribution observed from phase-Doppler particle analyzer was in the range of 1-20 μm with a number averaged diameter of about 10 μm. The droplet velocities were in the range of 5-30 m/s, while the number averaged droplet velocity was measured to be 16 m/s. The average splat size was about 30-35 μm, which was generated from droplet sizes of 1-20 μm upon impact [39] .
Furthermore, another type of atomization method is effervescent atomization. This technique is twin-fluid atomization, in which a small amount of gas is injected into the liquid before the exit orifice to form a bubbly mixture of gas and liquid. On emerging from the nozzle, due to the pressure difference, gas bubbles rapidly expand and shatter the liquid into ligaments and fine droplets. This method offers the advantage of smaller drop sizes at low injection pressure and atomizing even high viscosity liquids effectively [32] [33] [34] [40] [41] [42] [43] [44] . The droplets size and distribution are dependent on the suspension concentration, viscosity, and surface tension which was extensively analysed by the researchers [33, 43, 45, 46] .
Researchers also presented the numerical modelling of effervescent atomization's internal and external flow regimes [33, 41, 43, 44, 46] . Esfarjani and Dolatabadi studied the droplets disintegration and twophase flow structure inside the effervescent atomizer [47] using a broad range of nanoparticles types and concentrations for suspension plasma spray process where no effect on the performance of effervescent atomizer was observed [47] . Furthermore, to capture the external two-phase flow of an effervescent atomizer, a three-dimensional model based on the Navier-Stokes equation is developed by Qian et al. [33] . They analysed the effect of varied injection parameters on the Sauter Mean Diameter (SMD). Based on extensive computations, a fitting formula, by using curve fitting techniques, is obtained that relates the droplet SMD to the operating conditions including injection pressure, gas-to-liquid mass flow rate ratio (GLR), injector exit diameter, and liquid physical properties including viscosity and surface tension [33] . Their results showed that liquid viscosity has a small effect on droplet size and its distribution, and the effervescent atomizer can work efficiently even with highly viscous fluids.
Moreover, they also suggested that smaller liquid density and surface tension will give finer droplet atomization, and the atomization phenomena can easily be studied by droplet Weber (We ¼
) [46] . They also simulated the effect of atomizer operating conditions on particle characteristics in suspension plasma spraying (SPS). Their model predicted the nanoparticles size, trajectory, velocity, and temperature during the Radio Frequency SPS [48] . The disintegration of droplets is influenced by variation in GLR, atomizer orifice exit diameter and injection pressures. Smaller values of GLR would decrease the atomization while the larger orifice diameter would result in larger liquid droplets, and the smaller value of the injection pressure could also affect the atomization process adversely. Hence, for increasing the efficiency of effervescent atomization higher values of GLR and injection pressure with smaller orifice exit diameter should be used [33, 43, 48] . Furthermore, Fung et al. [49] experimentally and numerically studied the spray atomization under low pressures. The primary atomization Linear Instability Sheet Atomization (LISA) model available in Fluent was employed to capture the atomized flow from a nasal spray device; while Taylor Analogy Breakup (TAB) model was used to capture the secondary breakup of droplets. Moreover, the experiments were performed to characterize the external flow using a high-speed camera imaging and particle/droplet image analysis. They concluded that controlling the liquid sheet constant and spread parameter in the LISA model would predict the spray cone shape and droplet size distribution for low-pressure applications (0.3-0.5 MPa injection pressure).
In the light of the above-reviewed literature, it is found that no research has been conducted to examine the effect of increasing nanoparticle concentrations on the gas flow dynamics and the droplet dynamics inside the HVSFS torch. All these existing studies ignored the impact of nanoparticles loading on the alteration of properties of pure ethanol, and its disintegration and evaporation processes in the HVOF torch. Moreover, the effect of increasing the nanoparticles loading on the combustion gas dynamics was also not considered. Furthermore, the effects of varying injection parameters and injection types over the flow process physics inside the spray torch have not been studied previously. It must be noted that this analysis needs to be implemented to inspect the effectiveness of the various injection processes. These shortcomings are addressed in this work. In the present work, for atomizing the suspension liquid into fine droplets inside the CC of the HVOF torch, a new effervescent atomizer is designed based on previous research studies [33, 34, 44] . A numerical model is used to study the effect of varying injection types on the HVOF flow dynamics. For understanding the atomization of the suspension droplet, results are presented and compared for three types of injections, namely surface-type injection (STI), group-type injection (GTI) and effervescent-type injection (ETI).
Model description
The HVOF gun geometry used in this study is Diamond Jet DJ2700-torch (Sulzer Metco, Wohlen, Switzerland) [50, 51] . The operating parameters, along with the schematic representation of the computational domain, are shown in Fig. 1 and Table 1 . The total inlet radius of the CC is R CC = 9.1 mm, with length L CC = 23.8 mm (named as section-I). The radius at nozzle throat is R T = 4.2 mm, with the extended diverging section acting as the barrel of the gun with length L B = 66.2 mm (section-II) and exit radius R B = 6.215 mm. The free jet domain length (L FJ ) is set to 200 mm (section-III) to see the flow dynamics in the far field region after the gun's outlet. The torch geometry considered in the numerical simulations is axisymmetric. The premixed oxygen/fuel (O/F) is injected into the DJ2700 gun; the resulting hot combustion gases are accelerated inside the convergent-divergent (C-D) nozzle and flow through the barrel section towards the exit of the gun. The droplets' injection mass flow rate and injection velocity are selected on the basis of previous work [50] [51] [52] [53] (Table 1 ).
The gas dynamics of the HVSFS process is a compressible reacting flow, featuring turbulence and subsonic/sonic/supersonic transitions. The computation of the gas dynamics together with the droplet dynamics provides detailed information for the gas flow field which is required to predict the overall flow dynamics [54] . Firstly, the model simulates the temperature and velocity fields of the HVSFS flame jet for an industrial DJ2700 torch. The Realizable k − ε model is used for modelling the turbulence in the jet, including the compressibility effects [55, 56] . The thermal and flow fields of the combustion gas are solved by the Eulerian approach and the eddy dissipation model (EDM) is employed to model premixed (oxygen/propane) combustion with the hyper-stoichiometric oxygen mass fraction [57] [58] [59] .
After complete simulation of the gas phase, ethanol droplets carrying suspended nanoparticles are injected into the HVSFS flame jet where they experience several stages. The first stage is the aerodynamic breakup of droplets, as the slow moving droplets are entrained into the jet and accelerate in the high-velocity gas stream. Based on size and thermophysical properties of the liquid and their interaction with the surrounding gas, droplets undergo severe deformation and then breakup into smaller droplets [50] [51] [52] [53] . Here, different injection types are studied, namely surface-type injection (STI), group-type injection (GTI) and effervescent-type injection (ETI). The injector exit diameter is D inj = 1.2 mm for STI, GTI and ETI cases (see Fig. 2a , b, and c). The first type of injection is analysed for axial droplet injection into the torch from a centralized inlet opening. In the STI, the angle of injection is α = 0°, and the suspension droplets move along the centreline axis of the torch (Fig. 2a) . Whereas, during angular injection, the GTI method is used, in which the streams of droplets are released at varying angles of injection of α = 5°, 10°, 15°, and 20°with respect to the axial direction from each facet of the injection surface (Table 2 ). In GTI, the droplets are injected into the core of the combustion zone and reach the evaporation point rapidly in comparison to the STI and evaporate completely within the torch (Fig. 2b) . The third type of injection uses the twin-fluid phenomenon in which nitrogen gas and liquid feedstock are injected separately into the effervescent-type nozzle. This creates a bubbly flow inside the injection nozzle and then sprays it into the torch's CC to obtain a finer disintegration of the suspension's droplets ( Fig. 2c and d) . With this technique, the liquid discharged from the orifice with the internal cavity of gas, as shown in Fig. 2c . The motion of the liquid at the exit of the injector creates a gas-core surrounded by the liquid film, and due to the pressure difference gases expand and shatter the liquid film into ligaments and fine droplets [32] [33] [34] 40, [42] [43] [44] . For the ETI, different spray-half-angles of θ = 4°, 6°, and 8°are selected based on various GLRs of 0.095, 0.190 and 0.285, respectively (Table 2 ). It should be noted that increasing the GLR will eventually increase the spray-half-angle which can further improve the atomization.
For the numerical simulations, the history of suspension droplets is computed with Lagrangian formulation where the finite interphase transport rates and the effects of turbulence interactions between the droplet and gas phases are considered [9, 12, 13, 51] . By using this treatment, the evaporation history and temperature change for droplets can be calculated during the second process of heat exchange between the gaseous and liquid phases. The EDM is also used to model nonpremixed combustion of ethanol vapours with remnant oxygen left from premixed (oxygen/propane) combustion [57] [58] [59] . The heat and mass transfer of the droplets with the continuous phase is modelled using three laws, as described in the previous work [50] [51] [52] [53] 60] . Detailed descriptions of the gas phase, discrete phase, breakup and combustion models are reported elsewhere [25, 27, 30, 51, 54, 59, [61] [62] [63] . The employed mathematical models have been strongly tested against experimental and numerical data [50, [52] [53] [54] 60, 64, 65] , the test results are not repeated here for brevity. Only the detailed modelling equations for the ETI are presented here for a clear understanding in Section 2.1 [33, 49] .
The suspension properties (viz., surface tension, viscosity, density, specific heat and thermal conductivity) are calculated from commonly used nanofluids theoretical models [66] [67] [68] . Moreover, the temperature dependent pure liquid properties are incorporated, and curve-fitting procedures are applied in the required temperature range as in previous work [52, 53, 69] and not repeated here for conciseness. For each type of droplet injection (axial, angular and effervescent), different rates of evaporation and fragmentation have been detected. Also, the effect of droplets breakup and evaporation on gas dynamics is changed with varying injection parameters ( Table 2 ). It is due to the variations in droplet interaction with the continuous combustion gases inside the HVSFS torch (see details in results Section 3).
Droplet injection properties and model equations
Numerous cases are simulated to analyse the effects of varying injection schemes on the droplet atomization in the CC of the thermal spray gun. A clear case representation can be seen in Table 2 . Here, Without Droplets (Case 1) refers to a case in which droplets are not injected, and only combustion gas flow characteristics in the HVSFS process are analysed. For the STI scheme (Case 2.1) the suspension droplets are injected axially along the torch axis (with an angle of 0°). In the GTI, different angles of injection at α = 5°, 10°, 15°, and 20°are considered for suspension injection and cases are named as Cases 2.2, 2.3, 2.4, and 2.5, respectively (Table 2) . Firstly, the effects of angular injection over the torch's flow dynamics are studied with constant droplet diameters of 150 μm at the nanoparticle concentration of 0, 5, 15, and 25 wt.%. Then a similar study is repeated for ETI with the assumption of different spray-half-angles of θ = 4°, 6°and 8°based on varying GLR and those studies are named as Cases 3.1, 3.2 and 3.3, respectively (see Table 2 ). Different values of spray half angles are assumed for numerical modelling, so that the LISA model can capture these variations in the spray and the atomization will be captured more accurately. However, the model is less sensitive to other parametric variations such as nozzle exit diameter (D inj ) and injection. Thus, to capture the better atomization of liquid sheet at higher Gas to Liquid Ratio (GLR) the use of different values of spray-half angles are considered. Also, it is seen during the nozzle testing that the spray angle expanded at the increment of the atomizing gas flow rate; hence, this assumption is reasonably acceptable.
Primary breakup model
The Linear Instability Sheet Atomization (LISA) built-in model from Fluent is applied to capture the primary breakup of ligaments for ETI [49, 65] . The two-phase flow in the injector creates an air core surrounded by the liquid film (Fig. 2c) . The thickness of this film t is related to the mass flow rate _ m eff , the nozzle exit diameter D inj , the liquid density ρ l and axial velocity of liquid film u =U cos θ by the following relationship:
The total velocity is assumed to be related to the injector pressure by:
To ensure that the size of the air core is non-negative, the velocity coefficient k v is given by:
where spray-angle θ, and injection pressure ΔP is assumed to be known. The model includes the effects of the surrounding gas, liquid viscosity, and surface tension on the breakup of the liquid sheet. Details of the theoretical development of the model are given in Senecal et al. [70] and are only briefly presented here. For a more robust implementation, the gas-phase velocity is neglected in calculating the relative liquid-gas velocity. This avoids having the injector parameters depend too heavily on the usually under-resolved gas-phase velocity field very near the injection location. The model assumes that a two-dimensional, viscous, incompressible liquid sheet of thickness 2h moves with velocity U through a quiescent, inviscid, incompressible gas medium. The liquid and the gas have densities of ρ l and ρ g , respectively, and liquid viscosity is μ l . The infinitesimal wavy disturbance imposed on the initial steady motion has the form:
where η o is the initial wave amplitude, k ¼ 2π λ is the wave number, and ω =ω r + iω i is the complex growth rate. The most unstable disturbance has the largest value of ω r , and is assumed to be responsible for sheet breakup. The most unstable disturbance can be calculated from the dispersion relation as a function of wave number ω = ω(k) as derived in [70] .
The sheet breaks up and the ligaments formed with a length L b as given by:
where ln ð
Þ is an empirical sheet constant, and Ω is the maximum growth rate. Dombrowski and Hooper [71] showed that in the range of Weber numbers (We) from 2 to 200 a value of 12 for the sheet constant agreed favourably with the experimental sheet breakup lengths. The diameter of the ligaments formed at the point of a breakup can be obtained from a mass balance. If it is assumed that the ligaments are formed from tears in the sheet twice per wavelength, the resulting diameter is given by:
where K s is the wave number corresponding to the maximum growth rate Ω.
The breakup of ligaments to droplets is assumed to behave according to Weber's analysis [72] . A volume median diameter d o is produced and is given by:
Once d o is determined, it is assumed that this droplet diameter is the most probable droplet size of a Rosin-Rammler distribution with a spread parameter of n = 3.5 and dispersion angle of 6°. Additional details of the model can be seen in [70] .
Secondary breakup model
The secondary breakup of droplets to smaller ones was modelled by the Taylor Analogy Breakup (TAB) model as the Weber number is less than 100 (We b 100) [20, 50, 64, 65] . Different regimes of droplet fragmentation are determined by using the critical value of We. The hydrodynamic force required for the deformation of droplets is related to the surface tension force acting to retain the droplet form by We. Since the Ohnesorge number (Oh) remains below 0.1 (Oh ≪ 0.1) in the computational domain, the main parameter related to breakup physics is the We [20, 64, 65] . The Discrete Phase Model (DPM) treated the liquid droplets in Lagrangian manner and tracked the droplets throughout their flight. The TAB and DPM models are well adapted to the conditions of spraying and validated in the earlier studies; details can be found in [20, 50, 51, 64] .
Droplet collision and coalescence model
In Fluent, the collision model assumes that the frequency of collisions is much less than the particle time step. This model is most applicable for low We collisions, where collision results in bouncing and coalescence. If the droplets collide head-on, then the outcome tends to be coalescence, whereas, in oblique collision, bouncing is a more likely outcome. The probability of coalescence can be related to the offset of the collector droplet centre and the trajectory of the smaller droplet. The critical offset (b crit ) is the distance between the centre of one drop (with radius r 2 ) and the relative velocity vector u r . The relative velocity vector is supposed to be located at the centre of the second droplet (with radius r 1 ), see details in [73] . Here r 1 and r 2 are the radii of colliding smaller and larger droplets, respectively. Coalescence occurs when surface energy dominates, while bouncing occurs when kinetic energy dominates. The criteria, b crit , determine the transition boundary between various regimes: drops coalescence when b ≤ b crit , and bouncing when bN b crit [33, 73] .The critical offset is a function of the collision We l and the relative radii of the collector and smaller droplet. O'Rourke [74] calculates the critical offset by using the expression:
Model validation
The experiments using an effervescent atomizer nozzle by Liu et al. [32] and numerical work of Qian and Lin [43] are utilized for the validation of present numerical work. The present model and the numerical and experimental work considered here for validation use the effervescent nozzle spraying the water droplets into the atmosphere. The operating conditions of Liu et al. [32] , Qian et al. [43, 46] Fig. 3) . Fig. 3 depicts that the present numerical model can correctly predict the value of SMD for the spray droplets along the axial direction. It is observed that the present numerical LISA model performs better for higher GLRs (0.132 and 0.176) while it shows some deviation along the axial direction from 1 to 3 cm (or 0.01-0.03 m) for lower GLRs of 0.067 and 0.090. Overall analysis shows that droplets' diameter first decreases and then increases along the axial direction [32, 33, 43] . This happens due to the presence of higher relative velocities between atomization gas and droplets in the near-nozzle exit region. However, in the downstream region, the droplets with lower velocities collide with each other and coalescence takes place causing an increment in the droplet diameter [43, 46] . Moreover, it can be determined from these results that the increment in the GLR from 0.067 to 0.176 decreases the size of the droplets.
Numerical results and discussion
This section provides a detailed analysis of the effects of the grouptype angular injection and effervescent-type atomization on gas dynamics and droplet dynamics inside the HVSFS torch. Also, the impact of various nanoparticles loading in liquid feedstock on the droplet breakup, evaporation and gas dynamics of the HVSFS torch will be discussed. The results are divided into different sections; firstly GTI effects on gas and droplet dynamics are examined in Section 3.1.1, and the impact of various nanoparticle concentration over droplets dynamics is covered in Section 3.1.2. Afterwards, a similar kind of analysis is developed for the ETI cases in Sections 3.2.1 and 3.2.2. Here, the Case 2.1 (STI), and Case 1 (Without Droplets) are used as reference cases for the analysis and comparison with the GTI and ETI cases.
Group-type injection (GTI)
This section illustrates the effects of varied angles of injection in the GTI on the gas and droplet dynamics inside the DJ2700 thermal spray torch. In all cases, the suspension droplets are injected with a constant diameter of 150 μm, the mean initial velocity of 42 m/s and injection mass flow rate of 1 × 10 − 4 kg/s, with different solid nanoparticle (Table 2) .
Effects of varied angles of injection on the HVSFS gas and droplet dynamics
The flow physics in the thermal spray torch can be changed by using different types of liquid feedstock injections and varying injection parameters [50] [51] [52] [53] . This section explains the effects on the gas flow dynamics and droplet dynamics by changing the angles of injection. In Fig. 4a , the CC section-I and the barrel section-II of the torch are shown. Gas temperature and gas velocity data are collected along the centreline axis, marked in yellow colour, and across 15 distinct transverse sections, numbered from 0 to 14 and highlighted by black lines. Fig. 4b and c demonstrates a comparison of gas temperature (T G ) and gas velocity (V G ) along the axis of the torch for the GTI with Case1 (Without Droplets) and Case 2.1 (STI). The heat is transferred from combustion gases to droplets, and then the droplets start evaporating after enough heating, which leads to the cooling of combustion gases inside the CC and in the barrel sections of the torch. It is seen in Fig. 4b that the gas cooling is reduced with the increment in the injection angle from 0°to 20°. Maximum cooling is observed for the 0°angle of injection as the pure-ethanol droplets extract heat from the hot gases and are evaporated along the torch's central axis. Whereas, minimum cooling effects are detected for 10°-20°angles of injection as the droplets are injected into the core combustion regions. Thus, less cooling effect is observed along the torch's central axis (Fig. 4b) .
After the torch exit, in the free jet section-III at x = 0.15 m, an increase in temperature is observed for 0°-20°angles of injection as compared to Without Droplets (Case 1). This temperature rise in the free jet section-III proves the combustion of pure ethanol vapours which add heat to the combustion gases (Fig. 4b) . Moreover, with an increase in the angle of injection, the droplet deviates from the centreline axis of the torch when injected into the core of the combustion zone. This technique increases the ethanol evaporation and combustion within the torch, hence improves the efficiency of the HVSFS process. From the graphical presentation in Fig. 4b and c, a 10°angle of injection appears appropriate, as it enhances the T G and the V G compared to all other cases. It proves that at a 10°angle of injection, ethanol droplets evaporated inside the CC, and non-premixed combustion started in the barrel section and added maximum heat and energy to the overall flow inside and outside the torch. Further, at 15°and 20°angles of injection, the T G trend is similar to Without Droplets Case 1; hence, it is evident from these graphs that no central cooling is observed at large angles of injection.
The interaction between high energy combustion gases and droplets is also governed by the relative velocity of droplets within the continuous gas, as combustion gas has higher kinetic energy and its momentum is transferred to the droplets. Therefore, the velocity of droplets keeps increasing throughout their flight. As the flow passes through a C-D nozzle, the flow velocity, and Mach number increases, which adds the energy into the droplets and they fly from the nozzle towards the torch exit. It is seen in Fig. 4c that the V G decreases for the 0°and 5°angles of injection along the torch axis as the droplets travel along the centreline axis. Moreover, due to cooling of the combustion gas, reduction in the temperature and the velocity of flame is detected. Whereas for higher angles of injection (10°-20°) the droplets travel far away from the centreline axis, hence the velocity drop is not detected along the torch axis. However, in the free jet section-III, an increase in T G and V G confirms the addition of thermal and kinetic energy from the ethanol combustion with the remnant oxygen ( Fig. 4b and c) . Fig. 4d and e shows the comparison between the mean radial temperatures (T M ) and mean radial velocity (V M ) along 0-14 vertical lines shown in Fig. 4a , and it also proves that the ethanol combustion added thermal and kinetic energy into the HVOF flame. In Fig. 4d , the highest values of T M are observed for the 10°-20°angle of injections as the ethanol completely evaporates in the torch's CC and added thermal energy into the HVOF flame in the barrel section-II. However, the lowest values of T M are observed for the 0°, and 5°angle of injection that confirms the evaporation of liquid ethanol is not completed in section-I and the gas cooling continues in the barrel section-II. Similarly, in Fig. 4e , the lower kinetic energies are observed for the lower values of angle of injection 0°-5°; whereas, higher values of V M are observed for the bigger angle of injections (10°-20°). Therefore, it can be stated that the angular injection increases the HVSFS process efficiency by increasing droplet evaporation and vapour combustion rates while decreasing the cooling effects on the gas thermal and kinetic energies.
The interesting effects of the droplets breakup and evaporation in the CC are witnessed after the angular injection (GTI) of feedstock (Fig. 5) . The ethanol droplets convert into vapours, and maximum evaporation is observed inside the CC middle region for 0°-15°angles of injection. For a 20°angle of injection, the droplets move towards the C-D nozzle throat region (Fig. 5a) . As compared to 0°STI, the rate of evaporation is increased when droplets are injected at an angle of 5°and 10°G TI. A small decrease in the maximum value of evaporation is observed for 15°and 20°angles of injection (Fig. 5a ) while lower mass fractions of Table 2 for case description).
liquid ethanol are observed in these cases (Fig. 5b) , which confirms the overall enhancement in the rate of evaporation. Moreover, the elongated evaporation regions are identified in Cases 2.4 and 2.5 as seen in Fig.  5a . This further proves that the overall evaporation of liquid droplets is augmented while the maximum value of 15.2 × 10 −7 and 20.4 × 10 −7 kg/s is illustrated in Cases 2.4 and 2.5, respectively (Fig.   5a ). Based on these results, it is found that increasing the angle of injection intensifies the rate of evaporation of ethanol droplets inside the torch.
With the droplet evaporation, the location of the highest mass fraction of ethanol is observed around the throat region for all angles of injection (Fig. 5b) . After the non-premixed combustion of ethanol droplets with the oxygen residues, the T G increases inside and outside the torch, as shown previously in Fig. 5a . Gradually the mass fraction of ethanol decreases as the ethanol burns inside the torch. For 0°, 5°a nd 10°angles of injection, the ethanol cannot completely burn even after the barrel exit, and it leaves the torch without prior combustion (Fig. 5b) . The reason for this delay in ethanol combustion for smaller angular injection is the incomplete evaporation of ethanol droplets within the CC and the barrel sections. While with 15°and 20°angles of injection the droplets completely burn and disappear near the barrel exit. Moreover, at larger angles of injection of 15°and 20°, the droplet mass fraction reduces abruptly which verifies the complete evaporation and consumption of ethanol for combustion. At lower angles of injection (b10°), the ethanol evaporation and combustion inside the torch are incomplete. On the other hand, at higher angles of injection (N20°), the suspension droplets can strike the CC walls. Therefore, it can be stated that to avoid the droplet impact on CC walls and to evaporate the liquid feedstock completely inside the torch, the right range for the angle of injection is from 10°to 20°.
In Fig. 5c the values of Sauter Mean Diameter (SMD) of the ethanol droplets are shown. This figure clearly shows the variation in the angle of injection and its effects on the dispersion of droplets inside the CC. In all cases, the SMD decreases gradually from the initial size of 150 μm due to droplets fragmentation inside the HVSFS torch. About 87% reduction in droplet diameter is observed from the inlet to the CC mid-section and the droplet size decrease to 20 μm. After that, in the nozzle throat region, the diameter of droplet reduces to 10 μm and then in the barrel section remains well below 10 μm. This trend is in good agreement with earlier studies in which the smaller diameter droplets evaporate easily and give out nanoparticles in the middle of the barrel section [52, 53] .
The results discussed above support that increasing the angle of injection from 0°to 20°injects the droplets into the mainstream of the combustion flame and hence improves the suspension droplet dispersion, heating, and evaporation. This also results in better consumption of flame kinetic energy to disintegrate the suspension droplets. The only drawback of the angular injection is the collision of suspension droplets with the CC walls. Thus, to protect the CC walls from droplets impingement while improving the overall flow physics, the angle of injection of 15°can be a good choice. As seen and analysed, at 15°angular injection the droplets do not strike the CC walls, and can breakup and evaporate completely within the core combustion region (section-I) (Fig. 5a-c) . Also, this delivers extra thermal and kinetic energy to the HVSFS flame (as seen in Fig. 4b-e) .
Effects of increasing the nanoparticle concentration on the HVSFS gas and droplet dynamics
From the above analysis (Section 3.1.1), the angle of injection of 15°i s selected as the optimized angle for liquid feedstock injection, and the effect of different nanoparticle concentrations on the GTI is presented in Fig. 6 . With the increment in the nanoparticle concentration from 0 wt.% to 25 wt.%, the droplet evaporation reduces (Fig. 6a) . It is due to the increment in the heat required for vaporization, as the increase in the nanoparticle concentration augmented heat capacity of the droplets. Hence, the droplets absorbed more heat for vaporization and delayed the evaporation process. However, no significant variations in the SMD are observed (Fig. 6b) , which proves that the increment in the suspension concentration has no effects on droplet atomization/disintegration in the HVSFS torch. Moreover, no significant effects are observed over the T G and the V G along the torch axis due to variation in nanoparticle concentration. These results are not presented here for brevity. However, it was concluded in the work of Gozali et al. [52] that by increasing percentage concentrations of nanoparticles in the base fluid, the rate of evaporation decreases, which causes a delay in the complete vaporization of droplets. The same is illustrated in Fig. 6a that is the suspension droplets suffer a decline in their rate of evaporation by the increment in the nanoparticles loading.
It is further explained in Fig. 7 that due to the reduction in evaporation the droplets remain unburnt inside the torch. The homogeneous ethanol droplets (0 wt.% nanoparticle concentration) disappeared in the barrel section due to complete evaporation (Fig. 7a) . Moreover, for lower nanoparticles loadings (5 wt.%), the droplets vaporized completely in the barrel section and gave out the suspended nanoparticles in the barrel section (Fig. 7b) . While with high concentration (15 and 25 wt.%) suspension droplets leave the gun without complete vaporization ( Fig.  7c and d) . This may lead to inaccuracy in the final coating and may produce porous, non-homogeneous nanostructured coating over the substrate [75, 76] . The delay in evaporation of the suspension droplets causes insufficient heating of the suspended nanoparticles that may also deposit without prior melting. This can cause inclusion of unmelted particles which lead to porosity. In this way, it creates defects in the final coating which can result in serious consequences in the real applications [14, 76] . Thus to avoid these discrepancies, the use of small nanoparticles loading is beneficial. However, the use of lower suspension concentrations should be balanced with the fact that the spraying of diluted suspensions is economically disadvantageous. Diluted suspensions mean lower deposition rates and longer processing times; moreover, if purchased feedstock is already in suspension form, purchasing a diluted suspension would mean buying a large amount of liquid with few "valuable" solid in it. Hence, at the industrial level, the optimization of the injection parameters are necessarily required with the appropriate selection of dispersant that can also enhance the base liquid (solvent) evaporation rate to improve the nanoparticle's heating and melting processes.
Effervescent-type injection (ETI)
As stated earlier, the effervescent atomization is based on the twinfluid flow of gas and liquid that creates a bubbly flow inside the injection nozzle and disintegrates the suspension droplets into fine mist [33, 34, 44] . In the ETI, the gas and liquid mixture are injected into the CC of the DJ2700 torch, and the effects of varying GLR on the gas dynamics and the droplet dynamics are investigated. The liquid injection mass flow rate remains similar as in the GTI case, i.e., 1 × 10 −4 kg/s. The gas flow rates are regulated according to the selected GLR, as mentioned in Table 2 . In the ETI, varied spray-half-angles of 4°, 6°, and 8°are selected based on varied GLR and named Cases 3.1, 3.2, and 3.3, respectively ( Table 2) .
Effects of varied GLR on the HVSFS gas and droplet dynamics
It is assumed that by using ETI, droplet disintegration and droplet evaporation can be augmented, and this also helps to improve the gas dynamics inside the torch. Fig. 8 illustrates the effect of variation in GLR during ETI on T G and V G . Compared with Case 1, ETI shows temperature reduction inside the CC and in the barrel sections due to heat absorbed by the evaporation of the droplet. The temperature difference observed between Case 1, and the smallest GLR-0.095 (Case 3.1) is ΔT G = 537.31 K in the nozzle throat region (Fig. 8a) . Furthermore, the peak temperature is detected in the first shock diamond and is 200 K higher than the Without Droplets case at x = 0.1 m (after the nozzle exit, Fig. 8a ). This is due to the heat addition by the ethanol combustion, which increases the enthalpy of the flame in the free jet region, and will help to improve the heating and melting of the suspended nanoparticles.
Moreover, comparing the results of ETI and GTI illustrates that the cooling rate is significant in the case of ETI, whereas the angular injection at 15°(GTI) shows no cooling inside the torch (Fig. 8a) . This is due to the direct contact of droplets with the torch flame at a 15°a ngle of injection. While, in the effervescent atomization the sprayhalf-angles are small (4°, 6°, and 8°), and reduction in gas cooling is only possible with higher spray-half-angles. This suggests that for improving the gas flow dynamics, 15°GTI performed better than the ETI cases ( Fig. 8a ) and all other GTI cases (Section 3.1.1). While, in comparison to the 0°STI (Case 2.1), the ETI technique has helped to reduce the gas cooling effects, and it performs well when compared to the STI method.
For evaluating the difference between ETI and GTI further, V G profiles are compared. They show that ETI and GTI have no significant effects on V G as compared to Without Droplets-Case 1 in sections-I and -II (Fig. 8b) . The maximum variation in T G and V G is observed for 0°S
TI that demonstrates that to minimize the losses in the thermal and kinetic energies of the HVSFS flame it is necessary to inject the suspension feedstock at an angle (using GTI) and/or using atomization nozzle (using ETI) (Fig. 8) . However, the biggest positive point of using the GTI and ETI is that these injection techniques further increase the thermal and kinetic energies of the HVSFS flame in the free jet section-III and thus improve the coating process. This is because the high enthalpy flame would help to improve the heating and melting of the suspended particles which would, in turn, help in obtaining a dense coating. Moreover, a high V G can provide high kinetic energy for accelerating the melted particulate matter and spreading the particles over the substrate to form a porosity-free coating.
Similar kinds of contour map (as presented earlier in Section 3.1.1) are developed for the ETI case to analyse the effect of varied GLR on the droplet dynamics inside the HVSFS torch. Fig. 9 shows the variation in ethanol droplets' breakup, evaporation and decreasing mass fraction due to the combustion while increasing GLR. Fig. 9a indicates the Fig. 8 . Comparison of (a) gas temperature (T G ), and (b) gas velocity (V G ), for 150 μm diameter droplet injection inside DJ2700 torch at varying GLR (ETI), and having 0 wt.% nanoparticle concentrations (pure-ethanol homogeneous droplets).
droplets dispersion and reduction in SMD as per increment in the GLR. The value of SMD reduces due to the increase in GLR and droplet atomization. However, the reduction is not very significant. As seen in the inlet region of the CC, droplets spread in the injection section, due to the difference in pressure between the liquid-gas mixture and high energy combustion gas, and the two-way turbulence interaction (Fig. 9a) . Due to these dissimilarities, the droplet diameter reduces much faster for the ETI. The injection diameter is 150 μm and with the atomization model, it suddenly reduces to 20 μm at the point of injection, due to the gas cavity within the liquid layer. Thus, the thin liquid sheet rapidly breaks into smaller droplets due to the atomization gas effects and the highly energetic combustion gases inside the torch. It must be noted that in GTI and STI this kind of disintegration and reduction in the droplet diameter has not been observed. The benefit of the smaller suspension droplets (d ≤ 50 μm), as analysed in an earlier study [52, 53] , is that they experience high evaporation in the mid-section of the nozzle Fig. 9 . Comparison of contours-map of (a) SMD, (b) evaporation and (c) mass fraction of the ethanol droplets at different GLR (see Table 2 for case description). and can be effectively used in applications where the suspension contains nanoparticles with a high melting point [52, 53] .
It can also be seen in Fig. 9a that the value of the spray-half-angle is quite small, consequently, the droplets cannot inject into the core of the combustion zone. Hence, the lower rate of evaporation is observed for the ETI when compared to the GTI (shown previously in Fig. 5a ). The two red zones in Fig. 9b (for Case 3.3) , demonstrate that the overall evaporation is augmented when GLR is increased. It is proved from Case 3.3 (Fig. 9c) that less ethanol is left in the barrel section, and it is completely evaporated and was burned before the torch exit. While in Cases 3.1 and 3.2, some ethanol discharges outside the torch that confirms the low rate of evaporation and combustion for lower GLR cases. Additionally, it can be said that a further increment in GLR (to increase the spray-half-angle) can augment the efficiency of the ETI. The main advantage observed for the ETI is the enormous reduction in droplet diameter that can improve the deposition properties of the HVSFS process [48] .
Effects of increasing the nanoparticle concentration on the HVSFS gas and droplet dynamics
To analyse the effect of increasing the nanoparticles concentration over ETI, the spray-half-angle of 4°is selected with GLR of 0.095 (Case 3.1), and results are presented in this section. As discussed earlier in Section 3.1.2, increasing the nanoparticles concentration would decrease the evaporation rate for suspension droplets due to increase in the heat capacity of the liquid droplets. This is also true for the ETI, and Fig. 10 shows the different behaviour of suspension droplets for two different nanoparticles concentration of 0 wt.% and 25 wt.%. As per increment in droplet concentration from 0 to 25 wt.% the surface tension of the droplet increases, hence it reduces the droplet fragmentation inside the torch (Fig. 10a and b) . A 9% reduction in the overall droplet disintegration is noticed in the SMD when the nanoparticles concentration is varied from 0 wt.% to 25 wt.%.
Moreover, the increase in nanoparticles loading (from 0 to 25 wt.%) augments the value of the heat of vaporization for the suspension, which results in lower evaporation of droplets. Fig. 10c and d compares the values of droplet evaporation for the lowest (0 wt.%) and the highest (25 wt.%) nanoparticles concentration. It is observed that the rate of evaporation decreases and the droplets leave the torch without complete evaporation for 25 wt.% nanoparticles concentration. The final locations of homogeneous and non-homogeneous droplets are significantly changed, and every 5% increment in nanoparticles concentration would change the point of complete evaporation inside the torch [52, 53] . Therefore, to control the droplets disintegration and evaporation one has to control the nanoparticles concentration in the suspension. The effervescent atomization abruptly reduces the droplet size of the suspension. As the high values of GLR give smaller droplet sizes, greater evaporation can be achieved in the mid-section of the nozzle. Thus, by improving the spray-angle of the ETI technique, it can be successfully used in applications where greater concentration of suspended nanoparticles is required.
Comparison between group-type injection (GTI) and effervescent-type injection (ETI)
Most of the comparative statements are already mentioned in Section 3.2 while analysing the effects of using ETI in the HVOF torch. A further comparison between GTI and ETI droplet evaporation and droplet disintegration is shown in Fig. 11 . The maximum rate of evaporation is observed for homogeneous droplets (pure-ethanol) injection at 15°angle of injection (Fig. 11a) . While for ETI, even for homogeneous droplets, the rate of evaporation is significantly reduced as the droplets are not directly injected into the CC hot flame region. Moreover, as stated earlier, the rate of evaporation is reduced due to the increment in nanoparticles concentration, and this is true in both cases of GTI and ETI.
The second comparison between GTI and ETI is the droplet disintegration phenomena. As the ETI utilizes the twin-fluid criteria for droplet atomization, it works significantly better than the single-fluid injection in the GTI technique (without atomization). As seen in Fig. 11b , the initial droplet diameter reduced gradually inside the torch CC in GTI for both homogeneous and non-homogeneous suspension droplets. However, in ETI, due to the pressure difference between the atomizing gas and the suspension liquid, the droplets are shattered at the beginning of the torch CC and the reduction in the droplet diameter is significantly higher than the GTI cases (Fig. 11b) . As explained in the modelling section (Section 2.1), the droplets may coalesce after the collision. In the ETI case, at the beginning of the torch's CC, the droplets firstly grow to a certain point and then start collapsing rapidly (Fig. 11b) . Further, the reduction in the droplet diameter has been affected by the increment in the nanoparticles loading and as mentioned in Section 3.2.2, 9% reduction is analysed in overall droplets fragmentation. Hence, it can be said that an increase in nanoparticles concentration has small effect on droplet fragmentation inside the DJ2700 torch for ETI and GTI cases. This examination is in accordance with the analysis of Esfarjani and Dolatabadi [47] .
In the original design of the DJ2700 gun, the carrier gas tube is located at the centre of the CC inlet wall and is surrounded by annular O/F inlets. Therefore, for STI and ETI injections, a recirculation zone is created close to the back wall in the injection area, and the particles start to spread out in that region. The hot combustion flame reaches the axis of the torch and interacts with the droplets. When the droplets inject at an angle of 10°-15°directed towards the combustion core they have a direct interaction with the flame which makes the evaporation process more efficient in comparison to the axial injection. For the GTI technique, one has to control the injection parameters and fixed them to avoid droplet's collision with the CC walls. After that, the droplets are evaporated and give out the nanoparticles in the barrel mid-section or after the torch exit, depending on the finishing point of the evaporation process. In the HVSFS process, the coating efficiency is dependent on the torch operating parameters as well as on the injection parameters. The effectiveness of the HVSFS process can be increased by modifying the design of the liquid feedstock injection system and by controlling the injection parameters. The in-flight behaviour of suspension droplets, including breakup and evaporation, has a strong link with the deposition efficiency. For sufficient heating and melting of the suspended nanoparticles, a proper injection procedure must be selected that could increase the droplet breakup and evaporation inside the torch. Also, the injection should be in such a way that it improves the ethanol combustion and heat addition to increase the efficiency of the HVSFS process. Hence, by the complete evaporation of droplets inside the CC and by sufficient heating and melting of suspended nanoparticles in the barrel section, a fine coating can be obtained. Furthermore, the atomization of precursor droplets inside the HVOF torch is a requisite for the formation of nanoparticles dense coatings, as the injection of the liquid precursor without atomization may result in large sized nanoparticles and delays the evaporation which reduces particle heating and melting that lead to the formation of the porous coating.
Conclusion
The increments in the nanoparticles concentrations from 0 to 25 wt.% have significant effects on the thermophysical properties of liquid feedstock. Furthermore, these properties are calculated based on the proposed nanofluids models in the literature and then used in the present modelling work. Subsequently, the effects of nanoparticles suspension on the gas dynamics and the droplet dynamics in the HVSFS process are investigated. Numerical simulations are performed for analysing the impact of angular injection and effervescent atomization. It is observed that when suspension droplets are fed into the HVSFS by using the surface-type injection (STI) at a 0°angle of injection, the gas enthalpy and kinetic energy are reduced, and the efficiency of the HVSFS flame is decreased significantly. The angular injection and effervescent atomization are selected to reduce the cooling effect and to add more energy to the HVSFS flame. The following conclusions are drawn from this work:
• The final location of the evaporation of pure ethanol and suspension droplets (homogeneous and non-homogeneous droplets) is significantly different. The increment in the nanoparticles concentration affected the properties of liquid feedstock; and viscosity, surface tension, heat capacity and thermal conductivity of the suspension droplets are increased. These variations in the thermophysical properties of the feedstock significantly affected the gas dynamics and droplet dynamics in the HVSFS torch. The highly concentrated droplet required more heat of vaporization and delayed the evaporation process of the droplets, and it leads to the cooling of the HVSFS flame, and the suspension droplets may come out of the torch without complete evaporation.
• To overcome the losses and delays in the droplet evaporation the group-type injection (GTI or continuous angular injection) can be used. It will reduce the thermal and kinetic energy losses in the HVSFS torch, and thereby improves the coating formation.
• At lower angles of injection of 5°-10°, the suspension droplets could not completely evaporate within the torch and come out without prior evaporation which can create defects in the final coating. For higher angles of injection 15°-20°, the droplets collide with the CC walls and may deposit on the torch internal wall and damage them. Hence, the angle of injection of 10°-15°is selected as the optimal value to avoid collision with the torch wall and improve the gas and droplet dynamics inside the torch.
• The effervescent-type injection (ETI) also improves the gas and droplet dynamics inside the HVSFS torch as it performs better than the STI. However, in comparison to the GTI, the effervescent atomization is not particularly effective. For further improving the atomization process of the ETI, the ratio of gas-to-liquid mass flow rate must be increased to widen the spray-half-angle. It will inject the suspension liquid into the core combustion regions and improve the droplet evaporation as noticed for the GTI. Thus, it can work more efficiently with the HVSFS process. 
